Objective: Omega-3 fatty acids have heen implicated in the amelioration of cardiovascular disease in humans. Since these fatty acids are found in salmonid fish and are known to he essential for all salmonids, this study was undertaken to determine the effect of a high dietary intake of omega-3 fatty acids on the function of trout myocardium. Methods: Rainbow trout (Oncorhynchus mykiss) from a single stock population were divided into two groups and fed either a diet high in omega-3 fatty acids (i.e. 4.0%) or low in omega-3 fatty acids (i.e. 2.1%) for 3 months. Heart function was studied at the whole heart and isolated muscle level. Results: In whole heart preparations, peak developed pressures in freely ejecting hearts from salmonids fed the high omega-3 fatty acid diet were significantly greater than the hearts from salmonids fed the low omega-3 fatty acid diet (21 + 1.5 vs. 11.5 f 0.9 mmHg respectively, P < 0.05). These data correlated with results from isolated muscle preparations of myocardium from fish fed high and low omega-3 fatty acid diets (4.12 f 0.32 vs. 3.08 k 0.28 mN/mm' respectively, P < 0.05). The calcium uptake rate of heart homogenates from fish fed the high omega-3 diet was slower and sarcoplasmic reticulum CaZC ATPase activity was lower. The myotilament force-calcium relationship in myocardium from trout fed the low omega-3 diet was shifted leftward on the calcium axis to lower intracellular calcium concentrations (60.4 pCa units) compared to mammalian myocardium. This resulted in greater activation at lower intracellular calcium concentrations. However, trouts fed diets high in omega-3 fatty acids had [Ca*'l required for half maximal activation more similar to what has heen reported for mammalian myocardium (do.1 pCa unit). Furthermore, the myofiiaments of trout hearts appear to show less coopemtivity (Hill coefficient w 1) than has heen found in mammalian myocardium (Hill coefficient 2 2). Conclusions: Our experimental results demonstrate for the first time that dietary omega-3 fatty acid content affects myocardial force of contraction by affecting calcium metabolism and myofilament calcium-activation.
Introduction
Little is known about contractile calcium activation in fish myocardium.
Fish have been demonstrated to be relatively resistant to hypoxia and acidosis compared to mammalian myocardium.
We asked the question whether differences in contractile activation in fish myocardium might explain these earlier observed differences in response to tration of omega-3 fatty acids into culture media results in protection against ouabain toxicity in rat myocytes, it became of interest to us as to whether chronic in vivo administration of omega-3 fatty acids (e.g. via the diet) would result in functional changes in cardiac performance. Omega-3 fatty acids are a normal component of the diet of salmonids. The most active forms of omega-3 fatty acids, eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), are obtained directly from prey in the diet of salmonids or are produced from the elongation and desaturation of other polyunsaturated fatty acids. In order to investigate the effects of dietary omega-3 fatty acids on the performance of trout myocardium we selected feeds of widely differing fatty acid content. To avoid the potential effects of cardiovascular reflexes, we studied in vitro working hearts, as well as isolated muscle preparations. We demonstrate for the first time effects of differences in diet omega-3 fatty acid content on contractile parameters at both the isolated muscle and whole heart level. We also sought to provide insights into receptor stimulation (e.g. endothelin, angiotensin and /3-adrenergic stimulation) in the absence of changes in preload, afterload or heart rate as is often seen in in situ experiments. Given our findings that feeding trout high concentrations of omega-3 fatty acids generates greater peak pressures in isolated hearts, and that isolated muscle strips have higher peak twitch force, we asked the question whether changes at the level of the contractile elements and/or calcium mobilization might explain these experimental results. In mammals and amphibians studied to date myofilaments decrease affinity for calcium at lower temperatures [2] . This is reflected in an increase in the half maximal calcium concentration required for myofilament activation and reduced maximal calcium activated force [2, 3] . This finding would then suggest that teleosts might require greater amounts of calcium for myofilament activation because they are normally acclimated to low environmental temperatures (5-15°C). However, force is determined not only by the amount of calcium that is available to the myofilaments, but the duration of calcium availability and troponin C calcium binding affinity [4, 5] . We therefore studied sarcoplasmic reticulum calcium mobilization in tissue homogenates. Little is known about the calcium sensitivity of the myofilaments and troponin C binding affinity in teleost heart [6] . We therefore also addressed the question whether the force-calcium relationship might be different in teleost myocardium in skinned fiber preparations compared to what has been reported in mammalian myocardium.
Methods

Diet and animal handling
Rainbow trout from a single stock population of the Plymouth Rock Strain were obtained from the Sea Run, Inc. commercial hatchery. They were distributed randomly into two isolated, recirculating culture systems. The fish were maintained under identical environmental conditions throughout the study. All of the fish used in this study were acclimated to 15°C. All fish were fed a high-fat trout feed (Zeigler Bros., #38-481) for a 3-month period starting at age 6 months to achieve uniform body composition prior to the beginning of the experiments. The fish were divided into two age-matched groups at age 9 months. One group (n = 23) was fed a diet low in omega-3 (o-3) fatty acids containing 2.1% 0-3 fatty acids (g/100 g feed). The other group (n = 29) received a diet high in 0-3 fatty acids that contained 4.0% J2-3 fatty acids. Both groups were placed on these diets for 3 months prior to the physiological experiments.
After anesthesia in 100 ppm MS-222, the fish were euthanized by a sharp blow to the head. The hearts were quickly excised and placed in a physiologic salt solution at 15"C, gassed with 99% 0,/l% CO, (pH 7.6) which is standard for studies on trout myocardium. The composition of the salt solution was as described previously [7] .
Omega-3 fatty acid determinations
To determine body composition, total lipids of the trout skeletal tissue were extracted with hexane:isopropanol (3:2), according to Hara and Radin [8] , and methylated in methanolic HCI for fatty acid analyses. Hearts were used for physiological and biochemical experiments and therefore were not available for lipid determinations. The fatty acid methyl esters were quantified on a HP 5890 gas chromatograph, equipped with a lOO-meter cyanosilica capillary column (SP 2560, Supelco). The relative retention times, as compared to standards, were used to identify the fatty acid peaks. These peaks were computer integrated and expressed as a percent of the total fatty acids by weight.
Working heart preparations
The sinus venosus was attached to a cannula with an attached 2 French Millar Mikro-tip catheter pressure transducer (Millar Instruments Inc., Houston, Texas) to monitor preload. The bulbous arteriosus was attached to a column of physiological saline and a second 2 French Millar for recording of afterload and pressure development. Heart function was measured both in the freely ejecting mode (i.e. zero afterload), as well as during changes in afterload. This isolated working heart is a modification of the technique used by Farrell, MacLeod and Chantey [9] . The hearts were made isovolumic by closing both the preload and afterload. Cardiac output was calculated by collecting the volume ejected for 1 min and multiplying by the heart rate (C.O. = HR X stroke volume). Peak developed pressure, + d P/d t, and -d P/d t were calculated.
The function of the myocardium in resting salmonids is Research 31 (1996) 249-262 251 not dependent on an intact coronary circulation [lo,1 11. Although the whole heart preparations were not perfused via the coronaries, peak pressures measured were similar to in vivo determined measurements 1121, providing evidence that our hearts were not hypoxic. Therefore, functional differences noted most likely reflect the in vivo state and represent real functional differences of the myocardium. Further support of our experimental findings at the whole heart level was obtained by isolated muscle studies in which the oxygen content of the superfusate was well controlled.
Isolated muscle preparations
Isolated muscle studies from fish fed the high and low 0-3 fatty acid diets were conducted simultaneously. Trabeculae were dissected free from the ventricle of the salmonid hearts. Muscles were placed in temperature-regulated baths at 15°C. The composition of the salt solution in the baths was as described previously [7] . One end of the muscle was attached to a Kyowa force transducer (Kyowa Electronic Instruments Co. Ltd., Tokyo, Japan) and the other end attached to a small muscle clamp. Muscles were allowed to equilibrate for 1 h, during which time they were stretched in small l-pm increments until there was no further increase in peak twitch force CL,,). Muscles were stimulated to contract at 0.33 Hz by a Grass S88 stimulator (Grass Medical Instruments, Quincy, MA) at threshold voltage via a square wave pulse of 5 ms duration delivered by a punctate platinum electrode located at the base of the muscle. Peak force, normalized to cross-sectional area (calculated as wet weight/length), is reported. Time to peak tension was taken from the initiation of the contraction and total contraction time from initiation of contraction to full relaxation and return to baseline. RTso measures were determined as the time from peak tension to 50% relaxation of the isometric contractions. Drug concentrations reflect the final bath concentrations. In selected experiments we added atenolol (3 X lob6 M) to the isolated muscle baths to block /3,-adrenoceptors in trout myocardium. Isoproterenol was added to the baths to yield final concentrations of lo-" to 10e6 M. Total duration of the experiments did not exceed m 4 h.
Hypoxia and pH experiments
Hypoxia experiments on isolated muscles from fish fed the high and low 0-3 fatty acid diets were conducted in parallel. The muscle baths were gassed with 99% N2/ 1% CO,. The muscles were exposed to nitrogen for 20 min and then gassed with 99% 0,/l % CO,.
pH experiments were performed by increasing the percent CO, in the gas mixture. pH was checked in the bath perfusate with a Coming pH meter 240, Fisher Scientific, PA.
2.6. Skinnedfiber preparations Trabeculae carneae (< 400 pm> were selected for skinning preparations. Muscles were handled as described for isolated muscle studies. After being allowed to stabilize for -1 h at L,, the stimulator was turned off and the muscles exposed to a skinning solution that contained 250 pg/ml saponin, 5 mM K,ATP, 7 mM MgCl,, 5 mM EGTA, 60 mM KCl, 30 mM MOPS, 12 mM creatine phosphate, 15 U/ml creatine phosphokinase, pH 7.1 at 15°C [ 131. With the presence of creatine phosphate and creatine kinase in the skinning solution core rigor was not seen as all preparations relaxed fully to baseline when returned to pCa 8. This suggests that the muscle preparations were provided adequate energy supply. The total salt concentrations for obtaining desired pCa (-log i. [free Ca'+I), pMg C-log,, [Mg2+I), pMgA'I'P (--log,, [MgATP] ), and pH (-log,,
[H+l) at a constant ionic strength were calculated using the program described by Fabiato [ 141. The absolute stability constants used for calculating the composition of the solutions were as reported by Fabiato [15] . The muscles were subjected to a relaxation-activation cycle using the method of Moiescu and Thieleczeck [ 161. The relaxation solution had a pCa > 8.0 whereas the activation solution had a pCa of 4.0. During the relaxation cycle, the muscle length was a adjusted to a length at which an increase in resting tension was first observed. Starting at pCa 8 the calcium concentration was incrementally increased in 13 steps to pCa 4. Since we were interested in removing the sarcoplasmic reticulum (SRI membrane, we used 250 pg/ml saponin. As described by Endo and Iino [17], a concentration of saponin 2 250 pg/ml completely destroys the SR. The function of the SR after skinning was assessed in the following way. After skinning the muscle was bathed in relaxing solution (pCa > 8.01, and then maximally activated at a pCa of 4.0. Subsequently the muscle was placed in a solution with a pCa of 8.0 and caffeine added. At a pCa of 8.0 the calcium sensitizing effects of caffeine are minimal; however, if the SR was still functional after being bathed in a pCa of 4.0 (saturating calcium) the SR would have been loaded and when caffeine was added at a pCa of 8.0, a large release of calcium along with substantial force production should have occurred [15] . We did not observe this, indicating that the SR was effectively destroyed. Also in preparations where the SR is partially destroyed fluctuations are seen in the force baseline at every pCa reflecting the release and uptake of calcium by the SR [15] .
For skinned fiber experiments statistical significance was determined by one-way analysis of variance. The level of statistical significance was set at a probability of 0.05. Data for each individual experiment were normalized to maximal calcium-activated force, and the data fitted to the Hill equation. Hill parameters from individually fitted curves were pooled and tested for significance using onemuscle preparations. Typically N 2-4 muscles per heart way analysis of variance.
were studied. The tension versus [Ca*'] curves in skinned fibers were fitted to the modified Hill relation: ' loo I where F is developed force, F,,, is the maximal force at pCa 4, n is the Hill Coefficient, and [Ca*' & the calcium concentration required for 50% activation.
Our working definition of the sensitivity of the myofilaments to Ca*+ is a change in calcium concentration required for 50% activation ([Ca*' 15& whereas a change in the responsiveness of the myofilaments reflects changes in F,,,,, , [Ca*' l5o19 or Hill coefficient.
Sarcoplasmic rericular and ATPase assays
Sarcoplasmic reticular (SR) Ca*+-ATPase activity was determined in myocardial homogenates and isolated microsomes using a phosphate liberation assay [ 181. Net Ca" sequestration by the SR was determined in myocardial homogenates using Indo-l at 37"C, pH 7.0, and in the presence of 5 mM oxalate [19] . Activities were expressed as the average rate at which ionized Ca*' concentration of homogenates was decreased from 900 to 600 nM, in units of nmoles Ca*+ per liter of a-fold diluted myocardium per second (nM/s).
ATPase activities were determined in myocardial homogenates using end-point phosphate liberation assays and specific inhibitors. Activities of mitochondrial ATP synthetase and ATP utilization by myofibrils and other membrane ATPases were determined as previously described [ 181. Activities were expressed as the pmol ATP hydrolyzed per minute per gram wet weight at 37°C and pH 7.0 (mu/g tissue). SR Ca *+-ATPase was defined as the activity inhibited by 20 mM CaCl,, mitochondrial ATP synthetase was defined as the activity inhibited by 40 mM sodium azide, and ATP utilization by myofibrils and other membrane ATPases was defined as the remaining activity.
Data acquisition and analysis
Data were digitized and stored on floppy disk for later analysis. Software developed in our laboratory enabled computer generation of calibrated pressures and forces, twitch and pressure time courses, + d P/d t and -d P/d r.
To compare the effects of various interventions, peak force and time courses were expressed as the percent change from baseline measurements. This program allows accurate determination of time course and return to baseline values by marking the initial baseline with a cursor with digital readout value, digitization of the entire contractile or pressure trace and return to the pre-contraction value. Data were analyzed by ANOVA or Student's r-test (unpaired) as indicated. Means * s.e.m. are presented. n = number of The concentration of each drug (i.e. atenolol, endothelin, angiotensin, isoproterenol) or chemical is expressed as the final bath concentration. All reagents were obtained from Sigma Chemicals, St. Louis., MO and were of the highest analytical grade.
Results
Omega-3 fatty acid determinations
The fatty acid composition of tissues from the high and low 0-3 fatty acid diet fed groups did not differ in the total percent composition of saturated, monoenoic or polyunsaturated fatty acids (Table 1) . A breakdown of the poIyunsaturated fatty acids revealed significant differences in 0-6 and 0-3 content. Levels of 0-6 fatty acids were lower in fish fed the high O-3 fatty acid diet compared to fish fed the low L?-3 fatty acid diet. This was especially true for the level of linoleic acid (18:306) (5.2% f 0.8 and 9.0% f 0.6, high vs. low o-3 fatty acid diet respectively). The percent content of EPA (20:503) was identical between the two diet groups. The major difference was seen in the content of DHA (22:503>. Approximately 23% of the total lipid of fish fed high 0-3 fatty acid diets was DHA, while only 15% DHA was found in fish fed low R-3 fatty diets. This translates into a a3/0-6 ratio of 4.7 + 0.7 for high 0-3 diet fish and 2.1 f 0.2 for low 0-3 diet fish (P = 0.007). With total lipid levels of 4.2 Ifi 0.4 vs. 3.1 f 0.2 g/100 g tissue for the high and low 0-3 diet groups, the total J2-3 content was 1.26 f 0.07 vs. 0.71 ~fr. 0.03 g/100 g tissue (P = 5.6 X lo-') respectively normalized to mass equivalents.
Whole heart preparations
Peak developed pressures in freely ejecting hearts (n = 8 per group at 2.5 mM [Ca"],) were significantly higher for Table 1 Fatty acid composition of skeletal muscle from trout fed the high and low omega-3 fatty acid diets. Data are expressed in percent of total lipid, as means of five samples f s.e.m.
Fatty acid
High n-3 diet Low a-3 diet the fish fed diets high in 0-3 fatty acids (P = 0.0002) as shown in Fig. 1A and Table 2 . There was no difference in the time to peak pressure between the two groups (P = 0.60). + d P/d? and -d P/dt were significantly higher in the hearts from animals fed the high L&3 fatty acid diet compared to those receiving the low 0-3 fatty acid diet (P = 1.6 x 1O-4 and P= 0.0017 for +dP/dt and -d P/d t respectively) ( Table 2) . Cardiac output was also significantly greater in the group fed the high L&3 fatty acid diet (P < 0.01) ( Table 2 ). The difference in cardiac output reflects a greater stroke volume (0.63 rf: 0.07 vs. 0.46 f 0.04 ml, P = 0.049) as opposed to differences in heart rate (43.9 f 4.1 vs. 42.9 f 3.2 beats/min) for fish fed the high and low 0-n-3 fatty acid diet respectively.
Isovolumic hearts generated significantly greater pressures in the group fed the high L&3 fatty acid diet (n = 4; [Calcium] (mM) Fig. 2 . Effect of calcium on the peak force of isolated muscles from the myocardium of rainbow trout fed the high (0) and low (0) fin3 fatty acid diets. P = 0.009) compared to the group fed the low a3 fatty acid diet (Table 2) . In afterload experiments, hearts from fish fed the high o-3 fatty acid diet pumped to a maximum average height 20% higher than hearts from fish fed the low J2-3 fatty acid diet (48.3 f 0.5 vs. 40.3 f 4.6 cm).
Isolated muscle preparations
Peak force development was higher in the high a-3 fatty acid diet group (4.12 f 0.32 vs. 3.08 f 0.28 mN/mm2, P = 0.019; n = 33 and n = 30 muscle preparations for high and low 0-3 fatty acid diets respectively) (Fig. 1B) . The d iameters of fibers were 0.33 * 0.03 mm from fish fed a low L?-3 diet and 0.37 f 0.03 mm from fish fed the high a-3 diet (P > 0.05). The twitch forces in our preparations are similar to those previously reported in trout myocardium [20] . Muscle length was 3.0 f 0.1 vs. 2.7 f 0.1 mm (P = 0.055) for the group receiving high 0-3 fatty acid diet (n = 34) compared to the group receiving a low 0-R-3 fatty acid diet (n = 28). Time to peak tension was not different between the two groups (501 f 7 vs. 505 f 10 ms for high and low 0-3 fatty acid diet, respectively). Unlike in the free-ejecting whole heart preparations, the total relaxation duration in isometrically contracting muscle preparations was significantly briefer in fish receiving the high 0~3 fatty acid diet (667 f 12 vs. 732 f 15 ms, P = 0.002). The RTsO measures were 245 f 4 and 254 f 8 ms (P = 0.33) for the high and low J&3 fatty acid diet groups respectively. The + dP/d t were 8.4 f 0.8 vs. 7.2 f 0.7 mN/mm2 s (n = 34 high and n = 28 low J&3 fatty acid diet; P > 0.05) and -d P/dt were 7.9 f 0.7 vs. 6.3 f 0.6 mN/mm' s (n = 34 high and n = 28 low 0-3 fatty acid diets; P > 0.05).
Extracellular calcium concentration response relationship
To test the hypothesis that the greater twitch force seen in muscles from fish fed the high 0-n-3 fatty acid diet might be due to a greater influx of extracellular calcium in this group, the calcium concentration was incrementally increased in the bath (2-8 mM). There was no difference in the contractile response between the high and low o-3 fatty acid groups (Fig. 2) .
Force-calcium activation in trout myocardium
The activation for both the low a-3 and high 0-3 fatty acid groups was 10-s to 10m4 M of free Ca2' as shown in Fig. 3(A and B) . Fig. 3C shows the force-pCa relationship in both the low J&3 and high L&3 fibers. The calcium concentration required for half maximal activation was significantly shifted on the calcium axis to lower [Ca"], in trout myocardium from fish fed the low LL3 diet compared to our previously reported findings in mammalian myocardium [4, 5] (Table 3) . Maximal calciumactivated force corrected for cross-sectional area was not different between myofibers from fish fed a high or low fin-3 diet. There was no significant difference in the Hill coefficient (see Table 3 ) between the low 0-3 diet group and the group fed a diet high in 0-3 fatty acids. However, there was a significant difference in myofilament calcium sensitivity with the high 0-3 fed group having a forcecalcium relationship that was shifted to higher [Ca2+li compared to myocardium from fish fed the low fin-3 diet ( ApCa = 0.3) (Table 3 ).
Sarcoplasmic reticular and ATPase assays
We next addressed the question whether there might be molecular remodeling of calcium or energy metabolism in Minutes exposure to 99% N, / I% CO, hearts from animals receiving the high 0-3 fatty acid diet that might explain the experimental differences noted. The net sarcoplasmic reticulum Ca2+ uptake rate of heart homogenates from the high 0-3 fatty acid fish (4.32 f 0.33 nM/s) was significantly slower (P = 0.040) than rates of tissue from the low L&3 fatty acid fish (5.25 f 0.24 &I/s). In addition, the sarcoplasmic reticulum Ca2+ ATPase activity of homogenates of high a-3 fatty acid fish hearts (3.5 f 0.1 mU/g tissue) was significantly lower than the SR Ca2+ ATPase activity of the low 0-3 fatty acid hearts (4.0 + 0.2 mM/g tissue) (P = 0.048). For the high and low a-3 fatty acid fed fish respectively, ATP utilization by myofibrils and other membrane Atlases (2.2 + 0.2 vs. 2.0 f 0.1 mU/g tissue) was not different. Mitochondrial ATP synthesis was also unaltered by the a-3 fatty acid diet (2.7 f 0.2 vs. 2.6 f 0.2 mU/g tissue for fish fed the high and low o-3 fatty acid diet, respectively).
Hypoxia
To test whether fish fed the high G-3 fatty acid diet might be more resistant to hypoxic conditions, we exposed isolated muscles to hypoxic conditions for 20 min. In order to normalize for differences in peak twitch force and relaxation time between the high and low a-3 diet groups the effects of hypoxia on the peak twitch force and time courses are expressed as the percent change from baseline measurements. Muscles from fish fed the high 0-n-3 fatty acid diet were more resistant to the effects of hypoxia than fish fed the low 0-3 fatty acid diet (Fig. 4A ) after 20 min of exposure to hypoxic conditions (P = 0.011). Upon reoxygenation, all muscles returned to pre-hypoxic levels. Although times to peak twitch force decreased during hypoxic conditions, no significant differences between the diet groups were observed (Fig. 4B) . In contrast, under hypoxic conditions the relaxation of muscles from hearts of fish fed the high R-3 fatty acid diet was prolonged to approximately 120% of baseline (P = < 0.01) (Fig. 4C ) and was significantly longer than relaxation times in muscles from hearts of fish fed the low 0-n-3 fatty acid diet. Hypoxia had no effect on the relaxation times of muscles from fish fed the low o-3 fatty acid diet.
Changes in extracellular pH (pH,)
To test whether there were differences in response to changes in pH, in the group that received the high 0-3 (Fig. 5A ). As expected, there was a slight increase in twitch force as the pH was increased. There were no significant differences in the behavior of muscles from the two diet groups. There were no significant effects of pH on the time courses, except at pH 8.0-8.2 (Fig. 5B and 20 Times to peak twitch force and relaxation times for muscles from fish fed the high a-3 fatty acid diet did not change in response to high pH, while the corresponding time courses for the group from fish fed the low 0-3 fatty acid diet decreased. At pH 8.2 these differences for the times to peak twitch force and relaxation times were significant (P = 0.002 and P = 0.042 respectively).
Endothelin and angiotensin
Isolated muscles from both diet groups were exposed to concentrations of 1, 10 and 100 nM endothelin. Although there was a slight increase in peak force (4.6% high o-3 fatty acid diet vs. 13.6% low 0-3 fatty acid diet at 100 nM endothelin-1) (Fig. 6A) , endothelin did not affect the time course of the twitch of muscles from either diet group.
Isolated muscles from both groups were exposed to concentrations of 0.01, 0.1, 1 and 10 PM angiotensin II. The inotropic response to angiotensin II was similar to that seen with endothelin. Angiotensin II did not significantly affect peak force (Fig. 6B ) or time to peak twitch force (data not shown). Relaxation was not significantly affected by angiotensin; however, at a concentration of 10 PM there was a significant difference (P = 0.015) between the high 0-3 fatty acid diet group (108% of baseline) and the low 0-3 fatty acid group (89% of baseline). 
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To differentiate between the contribution of j?, and p2 receptors to contractility we added atenolol, a /3,-selective antagonist, to the bath and performed isoproterenol dose responses ( p, and p2 agonist). Atenolol reduced force by about 10% in both groups (Fig. 7) . A sharp rise in peak force was noted with increasing concentrations of isoproterenol in the presence of atenolol. There were no significant differences in the inotropic response of isolated muscles from high or low L&3 fatty acid groups to isoproterenol in the presence of atenolol. At 10m6 M isoproterenol addition of 3 mM Ca2' to the superfusate produced little change in peak force, indicating that the inotropic response to 1 x 10V6M isoproterenol in both diet groups was maximal. Addition of atenolol did not produce significant changes in the twitch time course in either group (460 f 7.0 vs. 436 k 9 ms time to peak twitch force pre-and post-ateno-101 in high 0-3 diet group; 467 + 16 vs. 449 + 19 ms preand post-atenolol in the low 0-3 diet group P 2 0.05) (Fig. 8A) . Time to peak twitch force was abbreviated by isoproterenol in both experimental groups (460 f 7 ms baseline vs. 416 + 6 ms 1 PM isoproterenol high a-3 diet group P = 0.0001 and 467 f 16.2 ms baseline vs. 413 f 5 ms 1 PM isoproterenol low 0-3 diet group P = 0.005) (Fig. 8A ). Relaxation time (measured from peak twitch force to return to baseline) was 414 f 12 ms baseline vs. 355 + 13 ms P = 0.02 in the high o-3 diet group compared to 437 f 33 ms baseline vs. 366 f 18 ms at 1 FM isoproterenol P = 0.076) (Fig. 8B) . ANOVA analysis of interactions between and within groups revealed that there were no differences in the twitch time course responses of the two diet groups to atenolol or isoproterenol (P = 0.945) (Fig. 8) .
from mammals (0.3 vs. 1.3-5 mg/g myocardium) (Peter O'Brien, personal communication). Our data suggest that SR calcium mobilization can affect twitch time course and/or phosphorylation of the thin myofilaments similar to findings in mammalian myocardium. Hallaq et al.
[21] reported on the modulation of L-type calcium channels by 0-3 fatty acids. The effects of these fatty acids were two-fold. They appeared to prevent excessive calcium influx, as well as to enhance insufficient calcium influx. In our muscle preparations responsiveness to changes in [Ca2'], were similar, suggesting that calcium channels were not affected.
If higher concentrations of 0-3 fatty acids in the sarcolemma led to larger numbers of membrane-bound padrenoceptors, an augmented response to isoproterenol, a relatively non-selective /3-adrenoceptor agonist, might be expected. No differences in inotropic response of myocardium from the two diet groups to increasing concentrations of isoproterenol were noted. Our observations that atenolol decreased contractility by lo-12% in both the high and low a3 fatty acid groups suggest a relatively low proportion of /3,-receptors. The inotropy seen with isoproterenol after addition of atenolol most likely reflects &receptor stimulation. Frogs have been shown to have all P,-receptors in the heart [22] . Trout myocardium would appear to be between frogs (all p2) and mammals (a greater abundance of p, vs. &I. Furthermore, our data suggest that full contractile activation can be attained via p2 receptor stimulation because addition of high [Ca2+], did not produce a further increase in force.
Contractile activation in myocardium involves two key components, i.e. free ionized calcium and the myofilaments. Trout myocardium revealed a force-[Ca2' I relationship that was more sensitive to Ca" than normally observed in mammalian myocardium, but which had a lower cooperativity than mammalian myocardium. The decrease in cooperativity in trout is probably due to a lower sarcoplasmic reticulum function compared to that of mammalian myocardium. Intracellular calcium metabolism is tightly regulated by the SR in mammalian myocardium, however amphibians, with lesser SR content, have prolonged intracellular calcium transients [23] . To adapt for the inability to quickly lower intracellular calcium, the force-[Ca2+] relationship is shallow in teleosts allowing for relatively large variations in intracellular calcium concentration to result in small changes in force. Furthermore, with a leftward shift in the force-[Ca2+] relationship, it is more beneficial to have a decrease in cooperativity in order to have a larger contractile reserve.
Fish are exposed to a relatively large range of environmental pH and temperature as compared to mammalian species. The force-[Ca2+l relationship is affected by pH and temperature. A decrease in pH results in a decreased affinity of troponin C to Ca'+, and lower temperature results in a shift of the force-[Ca*+] relationship towards higher [Ca'+]. Although trout experiments were performed at lower temperatures than most reports in mammalian myocardium (15°C vs. 22'0, the force-[Ca*+] relationship was nevertheless shifted to lower, not higher [Ca"] (Table 3) . It would appear to be of teleological benefit to have a relatively leftward shifted force-[Ca2+] relationship. 4 .3. Effect of omega-3 diet on the force-ICa2 'I relationship
In mammalian myocardium twitch abbreviation with Skinned fiber preparations from hearts of trout fed a preceptor stimulation is attributed to phosphorylation of diet high in 0-3 revealed a rightward shift of the forcephospholamban with resultant enhanced calcium uptake by [Ca2'] relationship, resembling more closely the mamthe sarcoplasmic reticulum, as well as phosphorylation of malian force-[Ca2+] relationship. Since the time course of troponin I and decreased calcium affinity by TnC. Interestthe twitches from the trouts fed the high 0-3 diet were ingly, like mammalian myocardium there was abbreviation briefer than those of trouts fed the low a3 diet, it would in twitch time course noted with P-receptor stimulation.
seem that the shift in myofilament calcium responsiveness Experiments indicate that the SR Ca*+ ATPase activity in may explain this observation. With the observed decrease trout myocardium (0.18-0.26 pmoles/min mg SR proin the net SR Ca*+ uptake rate and lower SR Ca2+ tein) is comparable to that found in mammalian species ATPase activity (see following), in order to preserve a (Peter O'Brien, personal communication). However, the more normal activation and deactivation of force the adapyield of SR from trout myocardium is much less than that tive change at the level of the myofilaments would be for a rightward shift of the myofilament calcium activation (i.e. towards higher [Ca2'li> and an increase in cooperativity. Both of these changes were observed in our preparations.
Sarcoplasmic reticulum
Although the sarcoplasmic reticulum (SR) in rainbow trout is functionally well-developed [24, 25] , it is thought to play a diminished role in contraction [7, 26] . Nevertheless, in teleosts there are data that defy total dismissal of a role for SR calcium release in contraction. For example, substantial post-rest potentiation (m 35%) at 15°C was observed in ventricular strips of trout [27] . In agreement with this interpretation, ryanodine has been shown in trout ventricular strips to inhibit force potentiation subsequent to a rest period 1281.
Croset et al. [29] found decreased Ca2+ uptake associated with the accumulation of 0-3 fatty acids in mouse sarcoplasmic reticulum. Taffet et al. [30] correlated a 30% decrease in oxalate-facilitated, ATP-dependent calcium uptake and decreased Ca2+-ATPase activity of rat heart sarcoplasmic reticulum with high dietary intake of a-3 fatty acids. We similarly found a decrease in SR Ca2+ ATPase activity and calcium pumping rate by hearts from fish fed high 0-3 fatty acid diets.
tribute to the reduced effect of hypoxia on the contractility of myocardium from fish fed a high 0-3 diet in this study only if flux is maintained or increased. However, decreased SR calcium uptake would also contribute to maintain twitch force. Hypoxia in rat myocardium has been shown to decrease transsarcolemmal calcium influx through voltage-dependent calcium channels [3 11. This is supported by our observation of an abbreviated relaxation in the low 0-3 fatty acid diet group as opposed to the high a-3 fatty acid diet group. The prolongation of myocardial relaxation seen in the high 0-3 fatty acid group could reflect either enhanced transsarcolemmal calcium influx or further impairment of calcium sequestration by the sarcoplasmic reticulum. Enhanced transsarcolemmal calcium influx is unlikely because of our observation that responses were similar in both experimental groups to changes in extracellular calcium concentrations. Zhu and Nosek [32] demonstrated that during hypoxia SR Ca2+ uptake is inhibited. Our experiments support a role for further impairment of SR calcium uptake. 4 .6. Na+-H ' exchange: endothelin and angiotensin Force development is dependent on both intracellular free ionized calcium concentration and the duration of troponin C-calcium interaction. This is why during a tetanus greater force is achieved at lower intracellular calcium concentrations [4, 5] . Decreased SR Ca2+ ATPase activity and calcium pumping rate should result in a longer availability of intracellular calcium and a longer duration for troponin C-calcium binding. An increased availability of intracellular calcium and/or longer interaction time with troponin C should result in greater force or pressure development, which is consistent with our experimental results. SR calcium uptake rate and SR Ca2+ ATPase activity were lower in the high 0-3 fatty acid diet group. These changes in SR activity occurred in the absence of changes in mitochondrial and myofibrillar ATPase activities which indicates that the SR has a greater susceptibility for modulation by dietary a-3 fatty acids. For -18% decrease in SR calcium uptake rate and -12% decrease in SR Ca" ATPase activity, force was 25% higher in isolated muscle preparations and pressure 45% greater in whole heart preparations.
Endothelin and angiotensin have both been demonstrated to directly affect cardiac contractile performance in mammalian myocardium. Both agents are thought to act by inducing intracellular alkalinization by stimulation of the Na+-Hf exchanger in the sarcolemma [33] . In isolated vascular rings from rainbow trout the effects of endothelin are quite similar to the responses found in mammals [12] suggesting that there are endothelin receptors at least in smooth muscle. Endothelin, however, had no effect on the maximum cardiac output in perfused heart preparations, similar to our findings in isolated muscle strips [12] .
Our observation that the relaxation time is prolonged for fish with high 0-3 fatty acid diet during adverse conditions of hypoxia and alkalosis is most likely attributable to decreased SR Ca2+-ATPase activity and Ca2+ uptake. Also prolongation of time to peak tension with alkalosis and hypoxia are similarly explained.
Endothelin and angiotensin had little effect on the contractility of the myocardium from both diet groups in this study. These data suggest that either there are minimal, if any, endothelin or angiotensin receptors in the myocardium, intracellular alkalinization does not occur with these agents in trout hearts, or further intracellular alkalinization does not result in significant changes in myofilament Ca2+ responsiveness. In preliminary experiments using 3'P NMR intracellular pH was found to be u 7.5 and did not change over a range of extracellular pH (7.7-7.9, unpublished data). Our experimental finding of a relative insensitivity of trout myocardium to changes in extracellular pH over a wide range (pH, 7.2-8.2) in conjunction with our endothelin-1 and angiotensin II studies suggest that the Na+--Hf exchanger is very efficient in trout hearts and was not affected by the 0-n-3 fatty acid diet. 4 .5. Hypoxia
Conclusions
The stabilization of dihydropyridine-sensitive Ca2' channels as seen in 0-3 enriched rat myocytes may conWe have demonstrated that trout myocardium is not responsive to endothelin-1 and angiotensin II receptor stimulation. Impaired SR calcium uptake and ATPase activity can result in significant inotropy in trout myocardium, potentially unmasking a role for SR calcium mobilization. Diets high in 0-3 fatty acids result in improved myocardial contractility in teleost myocardium by prolonging intracellular calcium availability and allowing a greater role for SR calcium mobilization. We have also demonstrated for the first time that the force-calcium relationship in trout myocardium is shifted to lower intracellular calcium concentrations compared to avian and mammalian myocardium. In addition, it would appear that the myofilaments in trout myocardium exhibit less cooperativity between the thick and thin myofilaments with calcium activation. Changes in dietary content of 0-3 fatty acid content may, however, alter myofilament Ca2+ sensitivity in trout hearts. Our data, however, do not address the question of a potential protective effect of 0-3 fatty acids in coronary artery disease in humans. Furthermore, the effects of R-3 fatty acids on SR Ca2' ATPase activity in human myocardium warrants investigation. Similar to our findings in fish fed high o-3 fatty diets ischemic human myocardium has been reported to have decreased SR Ca2+ ATPase activity.
